1. Introduction {#sec1-ijms-21-05510}
===============

The twentieth century has been characterized by basic and applied research leading to the discovery and use of an increasing number of cytotoxic chemotherapeutic compounds with the ability to rapidly kill dividing cancer cells in preference to non-dividing healthy cells. The well-known drawback of chemotherapy is due to the fact that these drugs, in addition to damaging cancer cells, also damage healthy tissues; thus, causing side effects, sometimes with serious consequences.

The challenge is, therefore, to search for drug delivery systems that achieve high cytotoxic efficacy against cancer cells, but with limited systemic toxicity. Antibody-drug conjugates (ADCs) offer the promise of achieving this objective and increase the therapeutic index significantly.

The approach to targeted chemotherapy comes from Paul Ehrlich's concept of the "magic bullet" formulated at the beginning of the twentieth century \[[@B1-ijms-21-05510]\]. The principle of this concept, to avoid side effects, drugs must be guided and released into the tumor sites through association with ligands that are overexpressed or selectively expressed in the tumor. Ehrlich's proposal has been translated into practical applications for therapy due to the development of monoclonal antibodies in the mid-70s, combining the selectivity of recognition to the power of chemotherapeutic drugs \[[@B2-ijms-21-05510]\]. To become a pharmacologically active drug, monoclonal antibodies can be linked to either a radioisotope (giving rise to Antibody radioimmunoconjugates, RAC), to a highly potent cytotoxic drug (antibody-drug conjugates, ADCs) or protein toxins (producing immunotoxins) \[[@B3-ijms-21-05510],[@B4-ijms-21-05510]\].

The production of ADCs face several vital issues, such as the target cell selection, the nature of antigen, structure and stability of the antibody, the linker chemistry, and finally the cytotoxic payload.

One of the first problems encountered in the use of antibodies was the fact that murine antibodies are foreign proteins recognized as non-self by the human immune system that responds by producing human anti-mouse antibodies (HAMA). HAMAs can have toxic effects due to immune-complex formation in the patient and, thus, prevent further administration. With the technology of recombinant DNA, Phage display, and transgenic mice, it is now possible to create of completely human antibodies that are not immunogenic and greatly ameliorate such toxicities.

Chemotherapeutic drugs include antimetabolites (methotrexate, 6-mercaptopurine, 5-fluorouracile, cytarabine, gemcitabine, etc.), molecules interfering with microtubule polymerization (vinca alkaloids, taxanes), and molecules inducing damages on DNA (anthracyclines, nitrogen mustards). The most recent generation of chemotherapeutic molecules include both DNA damaging/alkylating agents (i.e., duocarmycin from Medarex/Bristol Mayer Squibb, Syntarge, calicheamicin from Wyeth/Pfizer, indolino-benzodiazepine from Immunogen), and molecules interfering with microtubule structure (i.e., maytansinoids, from immunogen, auristatin derivatives from Seattle Genetics). These compounds can kill cells with extremely high potency so that severe side effects greatly limit the administrable dose as a free drug. These compounds are therefore considered as ideal payload components of ADCs with high therapeutic index \[[@B5-ijms-21-05510]\].

The conjugation strategy and chemistry chosen to represent a key factor for the success of ADCs, the homogeneity of ADC molecules being one of the main challenges in ADC design \[[@B2-ijms-21-05510]\]. In deciding in which chemical conjugation process to use, it is necessary to develop a strategy that allows the reaction of those residues placed on the surface of the antibody through a chemical reactive group present on the linker. These strategies, depending on the type of residue (mainly amino groups of lysines or sulfhydryl groups of cysteines) that can lead to the production of mixed species whose Drug-Antibody Ratio (DARs) is variable. When the DAR is poorly controlled, this phenomenon can reduce the efficacy of the ADCs and furthermore increase aggregation possibility, the overall rate of clearance and release of the payload systemically at an early stage \[[@B6-ijms-21-05510]\], although higher DAR values are beneficial for the overall potency. To improve the technology, focusing on obtaining homogeneous ADCs with a high therapeutic index, site-specific conjugation technologies have now been developed \[[@B7-ijms-21-05510]\].

2. Basic Characteristics of the Conjugate {#sec2-ijms-21-05510}
=========================================

An ADC is composed of three different components ([Figure 1](#ijms-21-05510-f001){ref-type="fig"}): a monoclonal antibody, the payload, and the linker that joins the first two components. Different types of conjugation chemistry exist: as in the most common, linkage is obtained through lysine (ε-amine-group, -NH~2~ in the deprotonated form) or cysteine (sulfhydryl-group, -SH). However, other conjugation strategies may also be pursued (see below). Whatever the conjugation strategy, it is vital that this does not affect the integrity and functionality of the antibody.

2.1. Monoclonal Antibody {#sec2dot1-ijms-21-05510}
------------------------

In the development of ADCs for cancer treatment, the choice of the antigen and, consequently, selection of the appropriate antibody plays a key role.

The antibody is chosen based on the molecular target recognition, with the highest affinity and selectivity for the target. Ideally, it should recognize an overexpressed target only at the tumor site to avoid delivering the pharmacological load inappropriately to non-target sites. For example, the (human epidermal growth factor receptor 2) (HER2) receptor is more than 100 times overexpressed in tumor tissues in comparison to the equivalent normal non-cancerous tissue \[[@B8-ijms-21-05510]\].

The antigen against which the antibody is directed on the cancer cell should be present in high copy number (\>10^5^/cell.) \[[@B9-ijms-21-05510]\]. So far, several antigens have been reported overexpressed in cancer tissues that can be exploited as targets for ADCs \[[@B10-ijms-21-05510]\]. The antigen must be recognized and bound by the antibody with a reasonable affinty (Kd ≤ 10 nM) to ensure rapid uptake in the target cell \[[@B11-ijms-21-05510]\].

In the first generation of ADCs, in many cases murine antibodies being recognized as foreign proteins generated a strong immune response with the production of anti-human antibodies that potentially reduced their therapeutic efficacy. This problem has been partially solved through the use of genetic engineering in second-generation ADCs, utilizing a mouse-human chimeric antibody format. The "humanized" chimeric antibody contains the mouse light and heavy chain variable regions that are linked to human constant regions. The chimeric ADCs showed promising results in cancer treatment but sometimes the problem of decreased efficiency and human anti-chimeric response were still present.

To overcome this problem, many efforts have been made to design a humanized monoclonal antibody, which contain only murine complementary determining regions (CDRs) regions combined with the human variable region \[[@B8-ijms-21-05510]\] or fully human antibodies \[[@B12-ijms-21-05510]\].

Usually, the antibodies used to construct ADCs are of the IgG1 class (Immunoglobulin G Subclass 1) (\~150 kDa), but since antibodies in ADCs exploit the Fab region to recognize the antigen present at the end of light chains, only this region is essential to the antibody to carry out its function as a specific carrier. Therefore, in some cases, smaller antibody formats (i.e., antibody fragments that maintain the binding affinity for the receptor) have been used to create ADCs. These fragments can be obtained by IgG cleavage following papain digestion or recombinant production to produce Fabs and scFvs \[[@B13-ijms-21-05510]\].

Selected antibodies and their derived ADCs can be directed against antigens that may or may not induce internalization through receptor-mediated endocytosis (RME), and by this criterion, ADCs can be classified as internalizing or non-internalizing.

### 2.1.1. Internalizing ADCs {#sec2dot1dot1-ijms-21-05510}

Internalizing ADCs exploit RME to be internalized by target cells. In this case, the antibody performs a fundamental role as it favors the internalization of the target antigen receptor, which represents a crucial step for most ADCs to be effective. Although, as in the case of the anti-HER3 antibody EV20, the binding to the receptor and the internalization of receptor/antibody complex can alone induce cell death and inhibition of tumor growth \[[@B14-ijms-21-05510],[@B15-ijms-21-05510],[@B16-ijms-21-05510]\].

Following internalization, the ADC can follow different endocytic routes that crucially may have profound effects on their cytotoxic efficacy. Clathrin-mediated and caveolae-mediated endocytosis (CME) in which the receptor mediates endocytosis and, alternatively, clathrin-caveolin-independent endocytosis, where the receptor does not mediate endocytosis \[[@B17-ijms-21-05510]\]. The most common route to reach the cell cytoplasm, adopted by various ADCs, is CME, which is target antigen dependent. Molecules, such as epsin, dynamin, adaptor protein 2 (AP2), and phosphatidylinositol (4,5) bis-phosphate (PIP2) may increase accumulation of ADCs on the surface of cellular membrane \[[@B18-ijms-21-05510]\] and assist the internalization of the ADC into the endo-lysosomal vesicle compartment.

Early endosomes form just below the membrane surface and usually endo-lysosomal vesicles containing ADCs progress to form late endosomes, whose lumens are acidic and may lead to the dissociation of antibodies from their receptors thus playing a vital role in recycling of antigen back to the membrane surface and subsequently lead to fusion of the late endosomal vesicle with lysosomes. The resulting pH decrease may also result in degradation of the ADC due to the numerous proteolytic enzymes present in the acidic lysosomal compartment with subsequent release of the drug payload. \[[@B19-ijms-21-05510]\] ([Figure 2](#ijms-21-05510-f002){ref-type="fig"}).

Release of the drug within endolysosomal vesicles then results in the passive transport of drug payload into the cytosol where it can exert its pharmacological effect, killing the cancer cells via a molecule specific mechanism \[[@B20-ijms-21-05510],[@B21-ijms-21-05510]\].

### 2.1.2. Non-Internalizing ADCs {#sec2dot1dot2-ijms-21-05510}

The main pharmacological action of ADCs constructed with non-internalizing antibodies, relies on the cytotoxic payload exerting a bystander effect upon reaching the target tumor site. In this instance, once the ADC reaches the tumor site, proteolytic enzymes, or the reducing conditions in the tumor extracellular environment, act to liberate the drug payload, which facilitate the entry of drugs into the cells, by diffusion, pinocytosis, or other mechanisms. Once the released drugs start kill cancer cells, they release additional reducing agents or proteases, which in turn catalyze further release of drugs ([Figure 2](#ijms-21-05510-f002){ref-type="fig"}). This type of conjugates may also allow a by-stander effect on non-target cancer cells that are near the main target tumor mass, due to diffusion of the released drug into neighboring tumor cells of the drug \[[@B22-ijms-21-05510]\].

It has been reported that an ADC directed against the alternatively spliced extracellular domain A of fibronectin induces a potent anticancer effect following the release of its payload after tumor cell death in the extracellular milieu. This allows the diffusion of the cytotoxic drug also into neighboring cells, and amplification of the process determined by a further release of reducing agents (e.g., cysteine, glutathione) \[[@B23-ijms-21-05510]\].

2.2. Linkers {#sec2dot2-ijms-21-05510}
------------

The linker component of the ADC, through which the covalent chemical bond between the drug and the antibody is created, should be chosen rationally, based on the mechanism of action of the antibody (whether internalizing or not) and limit potential chemical modifications to the drug in order to avoid loss of cytotoxicity. One of the main aims for the effective systemic delivery of an ADC is that the drug is released only at the target site; the linker, thus, must be stable enough in a biological environment (i.e., blood circulation) to avoid unwanted release of the pharmacological molecule.

There are two types of linkers available: cleavable and non-cleavable ([Figure 3](#ijms-21-05510-f003){ref-type="fig"}). The former can be used either in the design of either an internalizing or not internalizing ADC, because the release of the payload is required to take place in either the extracellular tumor environment, or within the lysosome or cytosol. This is possible because the extracellular environment of the tumor is highly reducing due to the presence of glutathione, which allows the release of payloads linked to the antibody via thiolic bonds. It also allows payload release via the degradation of peptide bonds in the presence of proteases such as Cathepsin B, whose overexpression in cancer drives its normal lysosomal localization towards extracellular secretion \[[@B24-ijms-21-05510]\]. A cleavable linker, therefore, exploits differential conditions of reducing power or enzymatic degradation that can be present either outside or inside the target cell. Due to the chemical reactions needed to release the payload, the site of conjugation on the antibody is crucial to induce both stability in the plasma and availability to reduction or degradation on/into the target cell \[[@B25-ijms-21-05510],[@B26-ijms-21-05510]\]. Non-cleavable linker-based ADC must, however, be internalizing, because to release their cytotoxic payload, the antibody component needs to be degraded by lysosomal or cytoplasmic proteases \[[@B27-ijms-21-05510]\]. Furthermore, drugs linked to such linkers usually cannot exert a by-stander effect because upon degradation of the antibody by cellular proteases, they are released as fragments of antibody peptides that have a poor ability to permeate the cells. This type of non-cleavable linker has a higher efficiency for the treatment of tumors that express an antigen at high levels (to achieve a good clinical response and tumor regression, 99% of targeted cancer cells must be eliminated) or for hematological tumors \[[@B28-ijms-21-05510],[@B29-ijms-21-05510]\].

### 2.2.1. Cleavable Linkers {#sec2dot2dot1-ijms-21-05510}

[Figure 3](#ijms-21-05510-f003){ref-type="fig"} above summarizes the most commonly used cleavable linkers that are described in detail in the sections that follow.

#### Disulfide Linkers

This type of linker is glutathione-sensitive. The disulfides are stable at physiological pH, in the systemic blood stream, but they are vulnerable to nucleophilic attack by thiols. Human serum albumin (HSA) represents the main thiol in plasma, being its concentration as high as \>400 mM. Notwithstanding this high concentration, HSA fails to break the disulfide bond of ADC because its residue containing free thiol (Cys34) is found near a cleft in the molecule that is not significantly exposed to the solvent \[[@B30-ijms-21-05510]\]. Conversely, disulfide-linked drugs resist reductive cleavage in the circulation because the glutathione (GSH) concentration in the blood (5 µmol/L) is lower than in the cytoplasm (1--10 mmol/L) allowing GSH thiol groups to be very effective in the cell cytoplasm also due to its well exposed position and its small size \[[@B31-ijms-21-05510]\]. This difference in reductive potential between plasma and cytosol allows for the selective release of the intracellular payload of the ADCs. In addition, cancer cells cause oxidative stress that generates high GSH levels. Low glutathione levels in healthy tissues therefore discriminate release of the payload, also allowing the selective release of payload in close proximity to the tumor. ADCs with disulfide linkers are often associated with maytansinoid payloads, which were originally developed by Immunogen in 1992 \[[@B32-ijms-21-05510]\]. To increase the stability of the bond, methyl groups may be added to surround disulfides in the linker structure \[[@B33-ijms-21-05510]\], such as in the case of *N-*succinimidyl-4-(2-pyridyldithio)pentanoate (SPP) containing a single methyl, or *N-*succinimidyl-4-(2-pyridyldithio)butanoate (SPDB) containing two methyl groups.

Some ADC designs use a direct disulfide bond between the drug and the antibody. In this variety of ADC, the release of the drug is completely dependent on a strongly reducing tumor microenvironment \[[@B34-ijms-21-05510]\]. Recently, ADCs with a direct disulfide bond between engineered cysteine residues and the thiols of maytansinoids payloads have been investigated \[[@B30-ijms-21-05510]\]. By protecting disulfides reduction through antibody hindrance, these ADCs have good in vivo stability in mouse plasma. The results demonstrate that the DM3 payload is more stable than the DM1, given that only 10% of disulfide bonds are cleaved in plasma, a property that confers increased in vivo therapeutic activity in a murine model \[[@B35-ijms-21-05510]\]. The structure of the whole antibody thus represents a protective environment significantly reducing the reductive release of the payload in the blood stream, but this in turn may limit the efficiency of release once at the tumor site. Other studies have shown that by creating an ADC using a small immunoprotein (SIP) antibody (small immunoprotein, comprised of an IgG, including variable regions from heavy and light chains linked through peptide plus additional C3 or C4 heavy chain proteins; see also below) and comparing the results with an analogous ADC constructed with intact IgG, the release of the drug by the ADC-SIP occurs faster. This is probably due to a more stable interchain disulfide bond in the SIP. However, by analyzing the stability of ADCs in mouse plasma, a half-life greater than 48 h with IgG and less than 3 h with SIP was determined. An analysis of the in vivo efficacy of the above compounds showed that the ADC-SIP experienced an accumulation and therefore a greater release than the IgG-ADC, despite there being a global accumulation of ADC-IgG after 24 h that was greater in the tumor than that observed for the ADC-SIP \[[@B23-ijms-21-05510]\].

#### Cathepsin B-Sensitive Linker

The cysteine protease Cathepsin B is normally found inside late endosomes and lysosomal compartments in mammals. It is also implicated in tumor progression, being overexpressed by many cancers \[[@B36-ijms-21-05510]\]. The carboxydipeptidase activity of Cathepsin B allows the splitting of a dipeptide linker that can bind a payload to the terminal C. This enzyme has various substrate target peptide sequences with Phe-Arg being the most common \[[@B36-ijms-21-05510]\]. In addition, it also preferentially recognizes sequences such as valine-citrulline (Val-Cit) and phenylalanine-lysine (Phe-Lys) where the protease breaks a peptide bond on the C-terminal side of Val-Cit, Val-Ala, or Phe-Lys. Some studies have shown that a high pH basic environment increases the cleavage capacity \[[@B3-ijms-21-05510]\] and that the hydrophobic residues Phe, Val, and Ala allow cleavage with cathepsin B that has the effect of increasing the stability in plasma. Sometimes, however, the payload can be too bulky in which case the use of a spacer that is stable and that does not alter the drugs chemistry, and functionality is necessary. One of the most used conjugation reagents is para-aminobenzyl carbamate (PABC) ([Figure 4](#ijms-21-05510-f004){ref-type="fig"}), that possesses a self-cleavage ability allowing it to release the unmodified payload \[[@B35-ijms-21-05510]\]. For example, linkers containing Phe-Lys-PABC and Val-Cit-PABC, used for ADC with monomethyl-auristatin E (MMAE) payload, have a half-life in plasma for Phe-Lys-PABC of 12 h compared to 80 h for Val-Cit-PABC 80 h. This shorter half-life indicates that the linker with Phe-Lys-PABC is probably non-specific with the danger that it may exert off-target toxicity \[[@B37-ijms-21-05510]\].

To summarize, it has been shown that if these types of linker are coupled with paminobenzyloxycarbonyl (PABC) they work more efficiently as cleavable linkers (i.e., Val-Ala-PABC) for ADCs \[[@B38-ijms-21-05510]\]. The PABC group acts as a spacer separating the toxic payload from Val-Cit sequence so that the active site of cathepsin B can gain better access to the cleavage sequence, thus, more effectively exploiting its protease activity, particularly if a large molecular sized payload is used. PABC is furthermore a self-immolate linker that, upon Cathepsin B cleavage, can undergo hydrolysis releasing the free drug to which it is attached (i.e., monomethyl-auristatin E (MMAE)) \[[@B39-ijms-21-05510],[@B40-ijms-21-05510]\].

#### Hydrazone Linker

Hydrazone linkers or other similar molecules that are pH-dependent, have quite a stable structure at neutral pH (i.e., in the bloodstream at pH 7.4) and are hydrolyzed when they reach an acidic cellular compartment such as the lysosome (pH \< 5) or late endosomes (pH 5.5--6.2). However, the degradation of this linker is not confined to the lysosome, but may, on occasion, also occur extracellularly. ADCs with a hydrazone linker hydrolyze only slowly under physiological conditions, with the slow release of the toxic payload \[[@B41-ijms-21-05510]\]. A study with an antibody directed against mucin, conjugated via an acid-labile linker, showed good therapeutic effects in a preclinical pancreatic cancer model \[[@B42-ijms-21-05510]\] where the tumor microenvironment is significantly more acidic than in normal tissues, due to the enhanced glycolysis taking place in the tumor with the consequent production of lactate to a level sufficient to induce extracellular cleavage of the linker. In mouse models, the slow release of the circulatory payload has produced promising results, but only in the presence of payloads with moderate cytotoxic activity. Payloads with higher cytotoxic activity, now widely used for the production of ADCs, demand the use linkers with higher stability to avoid the undesired release of the payload and resultant non-specific systemic toxicity \[[@B37-ijms-21-05510]\].

#### Glycosidase-Sensitive Linkers

Glycosidases comprise hydrolytic lysosomal enzymes, such as β-glucuronidases that degrade β-glucuronic acid residues into polysaccharides. They are found in lysosomes and work under hydrophilic environments. β-glucuronidases, like cathepsin B, are also secreted in the necrotic areas of some tumors. They are also enzymatically active in the extracellular environment \[[@B43-ijms-21-05510]\]. ADCs that contain β-glucuronic acid can reach a DAR = 8 without causing aggregation and without reducing the hydrophobicity of the ADC. Indeed, this type of linker greatly reduce plasma clearance of ADCs, thus increasing their efficacy in vivo \[[@B44-ijms-21-05510]\]. It is also established that the use of Poly (Ethylene Glycol) PEG linkers increases the hydrophilicity of β-glucuronic acid and, thereby, increases the activity and efficiency of the ADC \[[@B30-ijms-21-05510]\].

Another type of hydrolytic lysosomal enzyme, the β-galactosidases that degrade β-galactoside, are also overexpressed in some types of cancer \[[@B45-ijms-21-05510]\]. An ADC based on trastuzumab linked to MMAE using a β-galactoside linker was shown to be more potent than an equivalent ADC based on a Val-Cit-PABC linker. This formulation of ADC-β-galactoside-DM1 has also been shown to be more efficient in vivo for the treatment of HER2+ breast tumors than the approved trastuzumab emtansine (T-DM1) \[[@B35-ijms-21-05510]\].

### 2.2.2. Non-Cleavable Linkers {#sec2dot2dot2-ijms-21-05510}

The most used non-cleavable linkers are alkylic and polymeric. For example, the MCC amine-to-sulfhydryl bifunctional cross-linker contains a cyclohexane ring structure that through steric hindrance protects the resulting thioether bond from hydrolysis \[[@B46-ijms-21-05510]\]. The greatest advantage of non-cleavable versus cleavable linkers is their improved plasma stability; that results in reduced off-target toxicity in comparison to conjugates with cleavable linkers and thus provides greater stability and tolerability \[[@B47-ijms-21-05510],[@B48-ijms-21-05510]\]. It is noteworthy that non-cleavable ADCs often have less activity against tumors due to the heterogeneity of target antigen expression where a bystander effect is an important contributor to therapeutic efficacy \[[@B49-ijms-21-05510]\]. As described earlier, non-cleavable linkers require mAb degradation within the lysosome after ADC internalization to release the drug to the site of pharmacological activity in the cytosol. If the payload is linked to a charged amino acid such as lysine) with a Pi \< 9.5, this will prevent escape of the drug by diffusion through the cell membrane and result in higher levels of drug-accumulation in the tumor cell which as a consequence should overcome the limitations of any bystander effect. In summary the major advantage of non-cleavable linkers is that they minimize drug release into the circulation thus limiting non-specific toxicity whilst maintaining, good in vivo stability \[[@B50-ijms-21-05510]\].

Usually, non-cleavable linkers contain a thioether or maleimidocaproyl group. Examples of non-cleavable linker-based ADCs containing monomethyl auristatin F (MMAF), an anti-mitotic drug, where it was demonstrated that the drug is more potent if linked via a simple alkyl chain to the antibody. Conjugation effected with a non-reducible thioether linker demonstrated very good activity in both *in vitro* and in vivo \[[@B51-ijms-21-05510]\].

2.3. Payloads {#sec2dot3-ijms-21-05510}
-------------

Currently, most ADCs are constructed with two main families of highly toxic compounds, acting either on microtubule or DNA structure. Among the first group, auristatins and maytansines payloads both act as tubulin inhibitors and have been widely used for construction of ADCs. Both molecules are potently cytotoxic against rapidly dividing cancer cells and have reduced toxicity to normal cells. Alternatively, calicheamicins and PBDs are DNA-damaging agents, inducing cell death by apoptotic mechanisms in all cells including cancer stem cells (CSCs), and for this reason, they do exert severe side effects. There is also a third category of drug that targets specific enzymes essential for cell survival. In general, the payloads suitable for an ADC must have: (a) good solubility in aqueous solutions allowing an easier conjugation to the antibody and ensuring enough solubility to ADC under physiological conditions; (b) a significantly higher cytotoxic activity (half maximal inhibitory concentration (IC~50~) ranging from 0.01 to 0.1 nM) in comparison to clinically standard chemotherapeutic agents; (c) induce cancer cell death by apoptotic mechanisms; and (d) possess an appropriate functional group to facilitate conjugation to the antibody.

The most widely used commercialized drugs for ADC formulation comprise microtubule-targeting agents. The choice of tubulin inhibitors as payloads is appropriate since rapid cellular proliferation is one of the major discriminating features between cancerous and normal cells and antimitotic agents are in principle less toxic to the normal cells \[[@B52-ijms-21-05510]\]. Vinca alkaloid, laulimalide, taxane, maytansine, and colchicine have all defined binding sites on microtubules. These molecules ([Figure 5](#ijms-21-05510-f005){ref-type="fig"}) can be grouped in two main categories depending on their mechanism of action: tubulin polymerization promoters (microtubule stabilizers) and tubulin polymerization inhibitors (microtubule destabilizers) \[[@B53-ijms-21-05510]\]. In particular, microtubule stabilizers inhibit the formation of microtubules acting on the β-subunit of α-β tubulin dimers determining unregulated microtubule growth, as in case of Auristatin. In contrast, the mechanism of action of microtubule destabilizers is to block the polymerization of tubulin dimers by inhibiting the formation of mature microtubules, as is the case for maytansinoids ([Figure 6](#ijms-21-05510-f006){ref-type="fig"}).

Auristatin is a dolastatin synthetic analog. The original drug was isolated from *Dolabella auricularia* (sea hare) as dolastatin peptides, which successfully improved its water solubility to give auristatin \[[@B54-ijms-21-05510]\]. Auristatins block tubulin assembly and induce cell cycle arrest in G2/M phase, causing cells to undergo apoptosis.

To prevent lysosomal payload degradation and to enhance drug efficacy two innovative auristatin derivatives (monomethyl auristatin E (MMAE) and monomethyl auristatin F (MMAF)) have been developed by Seattle Genetics. These two compounds are synthetic drugs derived by design from structure-activity relationship (SAR) analysis. These two new molecules are different due to a phenylalanine present at the C-terminus of MMAF that allows this latter compound to be more membrane impermeable. In contrast, MMAE can exit the cell and thus diffuse to nearby cells killing them through bystander effects \[[@B53-ijms-21-05510]\].

Maytansinoids are derivatives of natural cytotoxic agents named maytansines, a family of toxins originally isolated from the cortex of *Maytenus serrata* possessing macrolide structure. Maytansine and maytansinoids alter microtubule polymerization thus inhibit the maturation of microtubules by binding to or in close proximity to the vinblastine-binding site on the β-subunit of tubulin. This consequently induces cell death through mitotic arrest \[[@B54-ijms-21-05510]\].

ADCs that containing maytansinoid, are unfortunately substrates for multidrug resistance protein 1 (MDR1), a critical protein of the cell membrane that acts by actively pumping a wide variety of xenobiotics out of cells. To prevent this problem a series of hydrophilic linkers have been used in ADC chemistry. These linkers allow for an increased drug content (DAR) in ADCs s and subsequent increases in the amount of drug delivered to each target cell. The increased polarity introduced by such linkers allows the formation of maytansinoid metabolites that are poor substrates for efflux pumps thus overcoming MDR \[[@B55-ijms-21-05510]\].

Maytansines are difficult to conjugate because they do not have reactive chemical groups. To overcome this problem, a series of derivatives containing SH groups have been created examples of which are, DM1 and DM4 that are substituted by methyl disulfide at the maytansine C3 *N*-acyl-*N*-methyl-[l]{.smallcaps}-alanyl ester side chain \[[@B56-ijms-21-05510]\].

A third type of antimitotic payload includes tubulysins characterized by higher affinity of binding to the vinca domain of tubulin if compared with vinblastine. These agents exert a rapid disruption of the cytoskeleton and subsequent disassembly of the mitotic apparatus in proliferating cancer cells. This results in a block at G2/M of the cell cycle and subsequent apoptotic cell death \[[@B57-ijms-21-05510]\] ([Figure 7](#ijms-21-05510-f007){ref-type="fig"}).

Tubulysins possess high degree of selective cytotoxicity against human cancer cells due to their rapid rate of division. Furthermore, they may also be effective against cancer cells overexpressing the P-glycoprotein or which possess mutations in tubulin gene. Tubulysins are comprised of a family with 14 different isoforms characterized by conserved core structure made of an L-isoleucine (Ile), a tubuvaline (Tuv), and an *N-*methylD-pipecolic acid (Mep) unit.

The first targeted drug (EC0305) based on tubulysin has been recently obtained by linking Tubulysin B to folic acid conjugate. Now several tubulysin D-based ADCs are under study \[[@B53-ijms-21-05510]\].

To complete the family of drugs that bind to microtubules the following compounds are also worth mentioning:

Cryptophycins, a class of cytotoxins more potent than MMAE and DM1, isolated from *Nostoc cyanobacteria* induce tubulin depolymerization binding to microtubules. Cryptophycin-1 is the main component, acting on many solid tumors and additionally MDR cancer cells.

Hemiasterlin from marine sponges are naturally occurring tripeptides acting as potent inhibitors of cell growth. They bind to the tubulin vinca-site thus disrupting normal microtubule dynamics and consequently inhibiting tubulin polymerization. Taltobulin (HTI-286) is a fully synthetic analog of hemiasterlin and has been shown to be to be active against a variety of MDR cancer cell lines \[[@B53-ijms-21-05510]\].

Cemadotin (LU103793) is a more hydrophilic synthetic pentapeptide analogous of dolastatin 15, possessing strong antiproliferative activity through inhibition of microtubule assembly and tubulin polymerization by binding at a novel site on tubulin. Cemadotin has been shown to be an effective payload for ADC construction \[[@B53-ijms-21-05510]\].

Rhizoxin, a compound isolated from Rhizopus microspores (a fungus able to be infectious for humans causing mycosis) that binds to tubulin and causes inhibition of microtubule assembly \[[@B58-ijms-21-05510]\].

Discodermolide is so far the most efficient natural promoter of tubulin assembly considered to be a very promising candidate for future ADC development \[[@B53-ijms-21-05510]\].

There are furthermore other tubulin inhibitors that have been investigated for their possible use in ADC construction, such as taccalonolide A or B, taccalonolide AF or AJ, colchicine, epothilone A and B, taccalonolide AI-epoxide, CA-4, laulimalide, paclitaxel, and docetaxel, together with their synthetic analogous \[[@B53-ijms-21-05510],[@B59-ijms-21-05510]\].

The second category of payload used for ADC construction is comprised of DNA-damaging drugs. This class of payload may be more effective than microtubule inhibitors with IC~50~ values in the picomolar, as opposed to the nanomolar range for microtubule inhibitors. This would make ADCs constructed with DNA damaging drug payloads more potent and therefore better suited for targeting antigens that are expressed at low levels on tumors. Furthermore, DNA-damaging drugs are fully capable of apoptotically killing non-dividing cells including cancer stem cells when used in combination with drugs that inhibit DNA repair and furthermore are capable of killing target cells at any point in the cell cycle \[[@B60-ijms-21-05510]\].

There are at least four mechanisms of action exerted by DNA-damaging agents, which are as follows: (a) DNA double-strand breakage, (b) DNA alkylation, (c) DNA intercalation, and (d) DNA cross-linking. The most used DNA-damaging payloads are pyrrolobenzodiazepine, duocarmycins, doxorubicin, and calicheamicins \[[@B61-ijms-21-05510]\] ([Figure 8](#ijms-21-05510-f008){ref-type="fig"}).

Pyrrolobenzodiazepines (PBDs) were originally isolated from *Streptomyces* sp. and are natural products, possessing antibiotic and antitumor properties. PBD molecules bind in the minor groove of double- stranded DNAs to the C2-amino groups of guanine residues.

PBDs forms an adduct PBD/DNA in the minor groove of DNA, leading to decreased DNA repair and interfering with transcription factors binding to DNA, as well as to some enzyme functions including RNA polymerase and endonucleases.

Currently, additional to natural isolated monomeric forms of PBDs, synthetic PBD dimers are available, which in addition to forming monoadducts are also capable of forming intrastrand or interstrand DNA cross-links \[[@B62-ijms-21-05510]\] ([Figure 9](#ijms-21-05510-f009){ref-type="fig"}).

Duocarmycins, metabolites originally isolated from *Streptomyces* sp. are powerful cytotoxic substances because their mechanism of action involves alkylation of the DNA minor groove to form a stable adduct. Duocarmycins specifically bind to a sequence of five-base-pair rich in AT-rich where the central pyrroloindole may be easily accommodated. This results in irreversible DNA modification compromising its architecture that finally leads to DNA cleavage and apoptotic cell death. There are also synthetic analogs of duocarmycins available, such as adozelesin, bizelesin, and carzelesin.

Duocarmycins have impressively high cell cycle-independent cytotoxicity against a variety of proliferating cancer cells *in vitro* with IC~50~ values in the pM range \[[@B63-ijms-21-05510]\].

The duocarmycin analogous DUBA (duocarmycin-hydroxybenzamide-azaindole), representing the duocarmycin final active drug metabolite, has been used to produce different new-generation ADCs that have been tested *in vitro* and in vivo to verify their therapeutic efficacy. An example is represented by SYD983, an anti-HER2 ADC, exerting clear anti-tumor activity in a mouse xenograft model (BT-474) and showing enough stability in human and macaque primate plasma \[[@B64-ijms-21-05510]\].

The high toxicity of duocarmycins and their analogous makes them desirable candidates to maximize ADC cell-killing activity and also suggests that they may be effective agents to overcome multi drug resistant (MDR) tumor cells \[[@B65-ijms-21-05510]\].

Calicheamicins (LL-E33288) are a class of antibiotics that were discovered in Texas following a search for novel fermentation-derived antitumor antibiotics that led to *Micromonospora echinospora*. These compounds are a class of enediyne-containing DNA-cleaving antitumor agent with a potency 4000--10,000 times greater than DNA intercalating drugs, such as Adriamycin and other similar.

The mechanism of action of calicheamicins after cell entry and nuclear diffusion is due to drug targeting and binding to the minor groove of DNA, causing double-strand breaks that induce apoptotic cell death \[[@B66-ijms-21-05510]\].

Calicheamicins are extremely powerful drugs acting at sub-pM concentrations but also unfortunately exert significant non-specific toxicity, damaging the DNA of all cells. Their high toxicity means that they cannot be used directly as a single therapeutic agent in cancer treatment. Their inherent characteristics (i.e., high cytotoxicity, relatively small molecular size, mechanism of action) have however made calicheamicins useful payloads for the construction of ADCs \[[@B54-ijms-21-05510]\].

Camptothecin (CPT) is a natural compound isolated from *Camptotheca acuminata* and is an inhibitor of the nuclear enzyme topoisomerase I. CPT molecules inhibit both DNA and RNA synthesis in mammalian cells, and have demonstrated to be strongly cytotoxic against a wide range of experimental tumors. Unfortunately, several clinical trials have shown considerable toxicity problems in patients due to their low solubility and resultant adverse side effects. To circumvent these limitations, camptothecin analogs topotecan (TPT) and irinotecan (camptothecin-11, CPT-11) that show improved water solubility have been approved by the FDA. These molecules were tested in clinical practice, and demonstrated significant antitumor activity and reduced toxicity \[[@B67-ijms-21-05510]\].

SN-38 and DX-8951f are two additional CPT-analogs that have been used as ADC payloads. SN-38, an active CPT-11 metabolite that exploits inhibition of DNA topoisomerase to exert its anticancer activity \[[@B68-ijms-21-05510]\].

In addition to all of the above-mentioned payloads, other molecules available also act as DNA-damaging agents for incorporation into newly emerging ADCs. Among these compounds, particular mention should be given to iSGD-1882 (DNA minor groove cross-linker derived from PBD dimers), centanamycin (binds to DNA and alkylates or intercalates into DNA), PNU-159682 (an anthracycline metabolite) \[[@B69-ijms-21-05510]\], and uncialamycin (an enediyne natural product isolated from Streptomyces uncialis) \[[@B70-ijms-21-05510]\], all active on different cancer cell lines, and finally indolinobenzodiazepine dimers (IGNs) bind to the DNA minor groove leading to DNA cross-linking \[[@B71-ijms-21-05510]\].

### Alternative Payloads

In addition to all the payloads discussed above, other molecules are available whose cytotoxicity is based on different mechanisms of action that include the direct induction of apoptosis, spliceosome, and RNA polymerase inhibition.

Bcl-2 family members, including Bcl-xL, are overexpressed in cancer and the BH3- binding domain on Bcl-xL has been targeted. Examples of such targeting agents comprise two anti-EGFR-Bcl-xL ADCs both of which possessed reasonable anti-tumor activity \[[@B72-ijms-21-05510]\].

The spliceosome is an attractive target in cancer therapy, and thailanstatins have been shown to inhibit RNA splicing by the binding to different spliceosome subunits \[[@B61-ijms-21-05510]\]. Thailanstatin A in fact was demonstrated to bind to the SF3b subunit of the spliceosome blocking RNA splicing and was used in the generation of an ADC (anti-Her2-thailanstatin). The Spliceostatins are potent spliceosome inhibitors of natural origin with interesting and potentially useful anticancer activities \[[@B61-ijms-21-05510]\].

The final class of promising payloads are the transcription inhibitors targeting RNA polymerase II. Example of these compounds are the amatoxins, macrocyclic peptides produced by mushrooms of the genus Amanita, that are powerful and selective inhibitors of RNA polymerase II, thus resulting in the inhibition of protein synthesis \[[@B73-ijms-21-05510]\].

β-amanitin has been covalently coupled to a MUC1-targeting mAb and this ADC has proven to be specifically cytotoxic against the human breast carcinoma cell lineT47D \[[@B74-ijms-21-05510]\].

α-amanitin was efficiently targeted to cancer cells through an anti-HER2 mAb, with an IC~50~ value in the pM range. Moreover, α-amanitin has also been covalently linked to an EpCAM-targeting mAb, showing effective antiproliferative activity both *in vitro* and in vivo. An anti-PSMA-α-amanitin ADC has been recently observed to have in vivo antitumor activity when coupled using a stable and cleavable linker \[[@B56-ijms-21-05510]\].

Amatoxins are highly water soluble, a property that facilitates the conjugation process and reduces ADC aggregation. Their low molecular weight, after release, allows for rapid kidney excretion in the urine. Amatoxins are also highly active against MDR cancer cells because they represent poor substrates for MDR mechanistic processes \[[@B71-ijms-21-05510]\].

It should also be mentioned that payloads for conjugation to antibody can also include proteinaceous enzymes from plants (e.g., saporin, ricin A chain) \[[@B4-ijms-21-05510],[@B20-ijms-21-05510]\] or bacterial toxins (PE, Pseudomonas exotoxin, DT, Diphtheria toxin) which induce cell death by irreversibly inhibiting protein synthesis catalytically \[[@B75-ijms-21-05510],[@B76-ijms-21-05510]\]. Although this latter class of toxin molecule when conjugated to an antibody is commonly known as an immunotoxin, it is not considered a small molecule drug. The enzymatic nature of proteinaceous toxins as a payload represents added value since a single molecule may be sufficient to fatally intoxicate an individual cell. A variety of different linkers and payloads has been investigated over the years and because these are totally protein constructs, fully recombinant toxins are possible making this a promising production strategy \[[@B4-ijms-21-05510]\].

The [Figure 10](#ijms-21-05510-f010){ref-type="fig"} below summarizes all the payload categories discussed above in [Section 2.3](#sec2dot3-ijms-21-05510){ref-type="sec"}.

3. Conjugation Strategies {#sec3-ijms-21-05510}
=========================

Most ADCs exploit the presence of lysine and cysteine residues within the polypeptide structure of the antibody as the point of conjugation. The average IgG~1~ molecule for example, possesses approximately 90 lysine residues, but only 30 of these are accessible for conjugation, so theoretically the number of covalently coupled payloads could range from 1 to 30. Amide or amidine bond formation on the side chain of lysine is the most common reaction to effect covalent cross-linking of the antibody to the payload through exploitation of the reactive groups of linkers (i.e., *N-*hydroxysuccinimide esters, NHS; imidoesters) \[[@B77-ijms-21-05510]\]. [Figure 11](#ijms-21-05510-f011){ref-type="fig"} shows the main reactions used in the cross-linking procedures.

The lysine-amide coupling conjugation is not site-specific and requires a pre-conjugation derivatization of the antibody and/or the payload in order for conjugation to proceed, very often using thiolic or citrulline-valine as linkers \[[@B77-ijms-21-05510]\]. Alternatively, conjugation via cysteines requires that a partial reduction of the antibody is undertaken or a thiol-containing reagent (e.g., Trout's reagent) is used to introduce additional-SH groups available for the conjugation. This may cause destabilization of the whole IgG molecule and introduce structural heterogeneity into the final product. IgG~1~ has four disulfide bridges, two that link the heavy to the light chains, and two in the hinge region, which bond together the two half-heavy chains of the whole antibody \[[@B78-ijms-21-05510]\]. As one of the fundamental points of conjugation chemistry is the precise control of the drug Antibody Ratio (DAR), a recently used strategy is to achieve site-specific coupling of the payload by engineering the structure of the antibody. For example, the substitution of three cysteines in the hinge region with three serines yields an IgG molecule that fully retains its interactions between heavy and light chains \[[@B79-ijms-21-05510]\]. Thus, through such modification of the cysteine residues, this leaves only two reactive cysteines, one on each chain, to yield an ADC product containing up to two molecules of drug per antibody. By refining the conjugation conditions, it is possible to obtain an extremely homogeneous product with the presence of the only conjugate with exactly two molecules of drug per antibody molecule (DAR 2) \[[@B23-ijms-21-05510],[@B34-ijms-21-05510],[@B79-ijms-21-05510]\].

4. Site-Specific Enzymatic Conjugation {#sec4-ijms-21-05510}
======================================

It is possible to use enzymatic methods to perform a site-specific controlled conjugation. This requires enzymes that react with the antibody and can induce a site- or amino acid sequence-specific modification. The most used enzymes are: sortase, transglutaminase, galactosyltransferase, and syaliltransferase. Sortase A from *Staphylococcus aureus* binds the LPXTG sequence and breaks the bond between glycine and threonine linking an oligoglycine (oligo-G) that can be used to bind the desired payload. A transglutaminase derived from *Streptomyces mobaraensis* catalyzes transpeptidation and recognizes an LLQG motif that has been inserted into a genetically engineered antibody, giving rise to a convenient site-specific ADC conjugation site. An application of a transglutaminase conjugation method gave rise to improvements in DAR for ADCs constructed with a branched linker that allowed for the loading of multiple payload molecules. Anami and coworkers developed an innovative conjugation method utilizing a branched linker on an anti-HER2 monoclonal antibody with MTGase, without a reduction in antibody binding affinity leading to the production of a homogeneous ADC molecular population with a remarkable increased DAR (up to 8) using monomethyl auristatin F as the payload \[[@B80-ijms-21-05510]\].

The linkers used contain a lysine scaffold to generate a branch point and PEG spacers to increase ADC mobility. For MTGase-mediated antibody-linker conjugation, the presence of a primary amine is necessary as well as the presence of two reactive azide groups to link with the payloads \[[@B46-ijms-21-05510]\]. Using MTGase this azide-linker can be bound to the glutamine residue Q295 in the IgG heavy chain. To generate an ADCs with DAR 2 the chosen payloads can be bound through azide-alkyne cyclization using a linear or branched linker to generate a DAR 4 ADC. This improved ADC showed increased *in vitro* cytotoxicity against HER2-expressing breast cancer cell lines compared to ADCs produced by more traditional methods \[[@B46-ijms-21-05510]\].

An *N-*Glycan engineering strategy takes advantage of conserved Asn297 (N297) within the Fc domain in all IgG classes. In order to create a reactive aldehyde group on the *N-*glycan terminus it is possible to employ either β-1,4-galactosyltransferase (GalT) or α-2,6-sialyltransferase (SialT) enzymes to achieve this. The aldehyde groups enzymatically created are then used to conjugate amino-oxy-functionalized payloads \[[@B80-ijms-21-05510]\]. Recently Bruins and coworkers used a mushroom tyrosinase to oxidize the exposed tyrosine residues on antibody to generate a 1,2-quinone, which can then be subjected to a nucleophilic reaction with thiols or amines from the side chains of amino acids such as cysteine, lysine, histidine, or any thus modified payload \[[@B81-ijms-21-05510]\]. A further new recent strategy to improve ADC stability is site-specific conjugations using antibody engineered to incorporate non-natural amino acids (nnAA). The introduction of nnAA with orthogonal reactive functional groups (aldehyde, ketone, azido, or alkynyl tag) increases the homogeneity of ADCs and enables novel bioorthogonal chemistry that utilizes reactive groups that are different from the classical thiol or amine reactions. The most used nnAA or strategies are: seleno-cysteine, p-azidomethyl-L-phenylalanine (pAMF) p-acetyl phenylalanine (p-AcPhe), FGE (formylglycine generating enzyme) azide or alkynyl nnAA or glycan. To improve ADC stability, Transtuzumab was engineered to introduce p-AcPhe that could react through the carbonyl group (ketone) with a drug containing an alkoxy-amine to produce an oxime \[[@B82-ijms-21-05510]\]. To achieve this, engineered new cell lines or cell free protein expression systems (OCFS: Open Cell Free Synthesis) were generated that possess the transcriptional machinery capable of inserting the a nnAA exactly where desired. In this system, the most important element needed for nnAA incorporation is a aminoacyl tRNA synthetase (aaRS) that charges a specific tRNA with the nnAA \[[@B83-ijms-21-05510],[@B84-ijms-21-05510]\].

5. Approved ADCs and Future Perspectives {#sec5-ijms-21-05510}
========================================

The ADC gemtuzumab ozogamicin, also known with the commercial name of Mylotarg^®^ produced by Pfizer Inc., was the first ADC approved twenty years ago by the U.S. Food and Drug Administration (FDA). Mylotarg^®^ was used to target the CD33 (Cluster of differentiation 33, sialic acid binding Ig-like lectin 3 (Siglec3)).

myeloid associated leukocyte differentiation antigen expressed by myeloid leukemia cells (CD33^+^ AML). Currently, Mylotarg^®^ is indicated for the treatment of patients diagnosed since at least two years with recurrent or refractory CD33^+^ AML \[[@B85-ijms-21-05510]\].

The Mylotarg^®^ ADC was produced using a random conjugation technique with an amide bond interposed between the cleavable linker, hydrazone acetyl butyrate with the antibody attached to the calicheamicin payload via a lysine sidechain on the antibody \[[@B86-ijms-21-05510]\]. The history of its approval has been complicated due to unexpected toxicities, in particular veno occlusive disease (VOD) in the liver in a significant proportion of patients. Myelotarg was initially approved by the FDA in the USA in 2000 but then voluntarily withdrawn from the market in 2011 following toxicity-related deaths and a lack of good clinical evidence showing its therapeutic benefits. Subsequently however, lower dose studies have demonstrated its safety and have clearly shown it to be of clinical benefit in a subset of AML patients \[[@B87-ijms-21-05510]\].

In 2017, Myelotarg was once again approved by the FDA \[[@B88-ijms-21-05510]\] and immediately following this approval another calicheamicin-based ADC using the same linker technology (linker-antibody bond and cytotoxin, bystander effect) inotuzumab ozogamicin (also known as Besponsa^®^) directed against the B-cell restricted differentiation antigen CD22 \[[@B89-ijms-21-05510]\]. Besponsa^®^, was approved for use in the EU for the treatment of acute lymphoblastic leukemia currently under orphan drug status \[[@B90-ijms-21-05510],[@B91-ijms-21-05510]\].

The second US, EU, and Japan approved ADC was brentuximab vedotin (Seattle Genetics, Inc. and Takeda Pharmaceutical Company Ltd.). The commercial name for this ADC is ADCETRIS^®^ (Seattle Genetics Inc., n.d.) and is indicated for the treatment of Hodgkin's lymphoma targeting the Reed-Sternberg cell-associated antigen, CD30. This ADC was constructed using a protease-cleavable mc-VC-PABC linker and Monomethyl auristatin E (MMAE) as the cytotoxic drug payload \[[@B92-ijms-21-05510]\]. The chemistry of linking method to provide a bystander effect is achieved through a dithiol bond via to a cysteine residue on the antibody. Adcetris^®^ (brentuximab vedotin) has been approved by FDA in 2011 \[[@B93-ijms-21-05510]\].

The final and most recent approved ADC at the time of writing is trastuzumab-emtansine (Roche Registration GmbH) sold under the commercial name Kadcyla^®^. The Trastuzumab (commercial name Herceptin) is a monoclonal antibody used as a naked antibody to treat HER2^+^ breast cancer by targeting the antigen HER-2 (Human Epidermal growth factor Receptor) and triggering host-mediated antibody dependent cellular cytotoxicity (ADCC) while simultaneously downregulating EGFR-mediated growth signaling thereby inhibiting tumor growth \[[@B94-ijms-21-05510]\]. The ADC Kadcyla^®^ uses a maytansinoid derivative as the anti-neoplastic drug payload (DM-1) and a non-cleavable SMCC (amide antibody-linker) as linker. This ADC shows reduced bystander effect, strongest activity compared to Herceptin in certain conditions \[[@B86-ijms-21-05510]\] and has been approved in the US, EU and Japan since 2013 \[[@B95-ijms-21-05510],[@B96-ijms-21-05510],[@B97-ijms-21-05510]\].

Over the past two years, the FDA approved two new ADCs: Polivy^®^ (Polatuzumab vedotin) and Lumoxiti^®^ (Moxetumomab pasudotox). The Polivy^®^ is a humanized monoclonal antibody, directed against CD79B (an antigen expressed by Large B-Cell lymphoma). Polivy is the first commercial therapeutic ADC produced using a site-specific covalent bond conjugated to the synthetic monomethyl auristatin E (MMAE) via engineered cysteines (THIOMABs) and using a protease-cleavable peptide linker to increase the plasma stability \[[@B98-ijms-21-05510]\].

The Lumoxiti^®^ is the first approved recombinant ADC. It is an innovative linkerless ADC is produced by genetic fusion between the Fv fragment of an anti-CD22 monoclonal with the 38 kDa fragment (PE38) of Pseudomonas exotoxin A \[[@B99-ijms-21-05510]\].

We can underline that all the above-described approved ADCs (except the unique recombinant linkerless ADC Lumoxiti^®^) were developed using conventional random conjugation methods \[[@B100-ijms-21-05510]\]. [Table 1](#ijms-21-05510-t001){ref-type="table"} reports shows all the approved and marketed ADCs.

6. Future Perspectives {#sec6-ijms-21-05510}
======================

The approved ADCs are mostly indicated for the treatment of hematological malignancies and, with a few exceptions, their clinical activity has largely failed for solid tumors. The reasons for these failures may be attributed to the large molecular size of the ADC molecule that shows poor penetration into the tumor mass, thus resulting in poor in vivo efficacy \[[@B11-ijms-21-05510]\]. For this reason, other forms of reduced sized antibodies such as single chain fragments of variable regions (scFv), i.e., v regions joined by a linker peptide, have been investigated, Also in the form of heterodimers of IgG and IgE, a small divalent immunoprotein (SIP, 75 kDa) or "minibody", a homodimer stabilized by a disulfide bond to its C-terminal \[[@B13-ijms-21-05510]\]. The most explored antibody derivative variants are the dsFv and scFv. They are made of V~h~ and V~L~ domains linked through an interchain disulfide bond (dsFv) genetically engineered and linked covalently with a hydrophilic linker to form an scFv. Due to their modular nature, they can undergo multimerization into homo and hetero oligomers (diabody, triabody, tetrabody) strengthening antigen binding affinity and diversifying the different functionalities. The sdAbs (single domain antibodies) are smaller than scFvs, comprising 15-KDa V~h~, V~l~, or V~hh~ domains, also termed nanobodies, and containing the antigen domain in the terminal region of the hinge. Similarly, to scFv, these nanobodies can form homodimers increasing the binding affinity for the target antigen or formed into heterodimers with bispecific properties. Bispecific antibodies can interact simultaneously with two antigens on the same target cell, a property that potentially allows for an increase in the therapeutic window while decreasing the non-specific effects on non-target cells \[[@B101-ijms-21-05510]\]. SIP antibodies have high affinity to their antigen and their turnover occurs in the liver. The technology for producing SIP antibodies was developed by Neri et al. \[[@B79-ijms-21-05510]\] against fibronectin and other vascular antigens. These antigens, common in tumors, are stable and accessible. In addition, SIP have two C-terminal cysteines that allows a disulfide bridge with various payloads \[[@B102-ijms-21-05510]\]. All these small fragments of antibodies as Fab, diabody and scFv, penetrate more rapidly into solid tumors but have a reduced serum half-life and undergo rapid renal elimination. This means that they are often eliminated before adequate absorption takes place at the tumor site.

Depending on the tumor under treatment, it is necessary to adequately choose and modify the Fc portion on the antibody to have the best possible response, especially to take advantage of the effect of the ADCC combined with other mechanisms of cell killing exerted via direct antibody-mediated cell signaling \[[@B2-ijms-21-05510]\].

In addition to the above-mentioned ADCs, there are also other constructs and strategies to attack cancer cells that involve the conjugation of toxins or chemotherapeutic drugs to ligands or proteins that are overexpressed on the target cell. The most used ligands as carriers can be proteins or peptides. Another strategy is to use peptide-drug-conjugates that are made up of small, synthetic peptides \[[@B103-ijms-21-05510],[@B104-ijms-21-05510],[@B105-ijms-21-05510],[@B106-ijms-21-05510],[@B107-ijms-21-05510],[@B108-ijms-21-05510]\]. These molecules appear to have an even faster penetration and elimination than the small antibody fragments we have described \[[@B102-ijms-21-05510]\].

Nanomedicine is one of the formulation-based technologies to increase bioavailability of drugs. Nanotechnology can provide new treatment options for tumors due to the great potential for selective targeting and controlled drug release. Increasingly more attention is being paid to antibodies and their fragments as targeting ligands able to bind specific receptors that are overexpressed on tumor cells \[[@B109-ijms-21-05510]\] for the delivery of nanoparticles.

Non-targeted nanoparticles such as liposomal-based preparations \[[@B110-ijms-21-05510]\] polymeric \[[@B111-ijms-21-05510]\] and metallic nanoparticles \[[@B112-ijms-21-05510],[@B113-ijms-21-05510]\] are readily available for the conjugation with antibodies and drugs, potentially opening the possibility to develop theragnostic (therapeutics and diagnostics) agents. These formulations can reduce the toxicity profiles of the payloads and improve the therapeutic widow. One example is Doxil1, which has been on the market for 20 years as a liposomal preparation of doxorubicin, and is now being improved by PEGylation \[[@B114-ijms-21-05510]\].

Antibody conjugate nanoparticles (ACNPs) are formed from a combination of ADC and nanotechnologies. ACNPs similarly to ADCs use antibodies to specifically target cancer cells for the delivery of encapsulated drugs.

Many ACNPs have been tested in clinical trials, but to date none has yet reached phase III trials \[[@B115-ijms-21-05510]\].

In recent years, great progress has been made in developing effective nanoparticle-based drug targeting using conjugated antibodies. In addition, the use of antibody fragments combined with advances in molecular design are overcoming some of the problems associated with the large molecular size of unmodified antibodies \[[@B109-ijms-21-05510]\].

With the adoption of strategies that improve the ability of ACNP to reach the tumor site to facilitate active targeting together with additional studies that are still needed to define and refine conjugation technology, size, shape and surface charge of nanoparticles will likely lead in the future to useful outcomes for these targeting reagents.

7. Conclusions {#sec7-ijms-21-05510}
==============

More than 80 ADCs are currently under investigation and are in various stages of clinical development for cancer treatment \[[@B116-ijms-21-05510]\]. Current evidence indicates that the field of ADCs is a very promising one, even though in past years they have faced a number of clinical failures. Recent advances in technology now provide all of the necessary elements required for the facile production of humanized monoclonal antibodies, site-specific conjugation protocols, various potent cytotoxic payloads with different mechanisms of action, adaptable linker technologies, together with advanced analytic techniques \[[@B117-ijms-21-05510]\]. With the availability of the new technologies and biomarker selection strategies, ADCs are set to represent an important contribution to the future of immuno-oncology.
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![Schematic representation of various types of antibody-drug conjugates (ADCs) and their components.](ijms-21-05510-g001){#ijms-21-05510-f001}

![Schematic illustration of the mechanism of drug delivery and release mediated by ADCs.](ijms-21-05510-g002){#ijms-21-05510-f002}

![Available cleavable linkers in ADC (**A**) Disulfide linker, cleaved by reducing agents; (**B**) cathepsin B responsive linker, cleaved by Cathepsin B; (**C**) glycosidase-sensitive linker, cleaved by gluconidase; (**D**) hydrazone linker, cleaved by acidic environment.](ijms-21-05510-g003){#ijms-21-05510-f003}

![PABC, p-aminobenzyl carbamate, CAS\#:918132-66-8.](ijms-21-05510-g004){#ijms-21-05510-f004}

![Mechanism of action of tubulin inhibitors payloads: polymerization promoters (microtubule stabilizers) and tubulin polymerization inhibitors (microtubule destabilizers). In the figure are two exemplifying drugs acting on microtubule formation: auristatins alters the formation of microtubules by binding on the β-subunit of α-β tubulin dimers; thus, producing uncontrolled growth of microtubules. Maytansines, on the contrary, stop tubulin dimers formation impairing the production of mature microtubules.](ijms-21-05510-g005){#ijms-21-05510-f005}

![Classical microtubule-targeting agents: maytansinoids (**left**) and auristatin families (**right**).](ijms-21-05510-g006){#ijms-21-05510-f006}

![Other microtubule-targeting agents.](ijms-21-05510-g007){#ijms-21-05510-f007}

![The four main mechanisms of action of DNA-damaging agents: DNA double-strand breakers, DNA alkylators, DNA intercalators, and DNA cross-linkers. DNA-damaging agents. These drugs can act at any phase of tumor cell life cycle.](ijms-21-05510-g008){#ijms-21-05510-f008}

![Examples of DNA-damaging drug payloads.](ijms-21-05510-g009){#ijms-21-05510-f009}

![Summary diagram of the different classes of cytotoxic molecules used in ADC construction.](ijms-21-05510-g010){#ijms-21-05510-f010}

![Main reactions used in the cross-linking procedures. (**A**) Lysine amide coupling, (**B**) Maleimide Alkylation, and (**C**) thiol-reactive conjugation.](ijms-21-05510-g011){#ijms-21-05510-f011}

ijms-21-05510-t001_Table 1

###### 

ADCs currently approved for clinical use.

  Name                                    Antigen Target   Type of Cancer Target              Linker Type                                    Status
  --------------------------------------- ---------------- ---------------------------------- ---------------------------------------------- ----------
  *Mylotarg^®^ (Gemtuzumab ozogamicin)*   CD33             Myeloid leukemia B-cell lymphoma   Cleavable linker (hydrazone acetyl butyrate)   marketed
  *Besponsa^®^ (Inotuzumab ozogamicin)*   CD22             Lymphoblastic B leukemia           Cleavable linker (hydrazone acetyl butyrate)   marketed
  *Adcetris^®^ (Brentuximab vedotin)*     CD-30            Hodgkin's lymphoma                 Protease-cleavable mc-VC PABC                  marketed
  *Kadcyla^®^ (Trastuzumab emtansine)*    HER-2            HER2^+^ Breast cancer              Non cleavable thioether linker                 marketed
  *Polivy^®^ (Polatuzumab vedotin)*       CD79B            Large B Cell lymphoma              Protease-cleavable                             marketed
  *Lumoxiti^®^ (Moxetumomab pasudotox)*   CD22             Refractory hairy cell leukemia     Recombinant covalently fused (linkerless)      marketed

[^1]: These authors contributed equally to this work.
